Aims/hypothesis. We investigated of the effects of fatty acid composition of the maternal diet on fetal and postnatal growth, morphology of the pancreas and glucose metabolism and muscle hexosamine concentrations in the adult offspring of rats. Methods. High-fat diets enriched with either saturated or unsaturated fatty acids were fed to female adult rats 2 weeks before mating until the end of the weaning period. After weaning, the offspring was maintained on a diet with a balanced fatty acid content. At 3 months of age, pancreatic Langerhans islet size and number were assessed by morphometric analysis and oral glucose tolerance tests (OGTT) were carried out. Results. The unsaturated fatty acid diet showed lower birth weight and reduced postnatal weight gain. Furthermore, this group showed increased pancreatic islet numbers without affected glucose tolerance at the age of 12 weeks. The offspring of the saturated fatty acid diet group showed a reduced number of large pancreatic islets. Moreover, a faster and higher insulin response was observed after an oral glucose load in these animals. Muscle hexosamine concentrations were not different between groups. Conclusion/interpretation. Maternal diets enriched with either saturated fatty acids or unsaturated fatty acids had opposite effects on pancreatic islet development in rat offspring, with consequences for the insulin response at 12 weeks of age. Therefore, maternal dietary fatty acid composition plays a role in programming growth, pancreatic development and glucose metabolism in the offspring. [Diabetologia (2002[Diabetologia ( ) 45:1397[Diabetologia ( -1403 
ies. Epidemiologic studies have shown a relation between size at birth and the risk of developing insulin resistance or diabetes in adulthood [4, 5, 6, 7] . It was hypothesized that poor maternal nutrition causes reduced fetal growth and glucose intolerance later in life. A low protein diet in rat pregnancy has been shown to yield low birth weight progeny which are unable to regain an appropriate insulin secretory response to a glucose challenge even when given a normal protein diet throughout adult life [8] . Growth retarded newborn infants have been shown to have reduced numbers of beta cells and a reduced insulin secretion [9] . Moreover, a reduction in the number and size of pancreatic islet cells and a reduced vascularization of the endocrine pancreas has been shown in animal studies, even after a normal diet was given
The programming influence of nutritional conditions in utero on fetal growth and on the susceptibility to disease in adulthood is now widely recognized. Another study [1, 2, 3] showed an inverse relation between birth weight and the risk of coronary heart disease in later life in several large epidemiologic studpost-natally [8, 10, 11, 12, 13, 14] . In rats, an effect of free fatty acids on the hexosamine pathway, preceding the onset of insulin resistance, has been shown [15] . The concentrations of the end products of this pathway, i.e. UDP-N-acetyl-glucosamine (UDP-Gl c NA c ) and UDP-N-acetyl-galactosamine (UDP-GalNA c ), are highly correlated with the degree of insulin resistance [15] . Others have also shown that incubation of multiple insulin-sensitive rat and human tissues with glucosamine to generate increased concentrations of UDP-Gl c NA c induces insulin resistance [16, 17, 18, 19, 20] . Streptozotocin-induced diabetes and sustained hyperglycaemia in normal rats also increase total UDP-hexosamine content in muscle tissue [21] .
The epidemic of obesity and diabetes in developing countries could be at least partly explained by the discrepancy between prenatal malnutrition and postnatal food abundance [22, 23, 24] . In western societies, these diseases also show an increasing incidence whereas undernutrition in pregnancy is less prevalent. The high fat intake and the shift between fat sources and their different fatty acid composition could play a role here. The Dutch food consumption survey has shown a shift in fatty acid intake in recent decades [25] . This study investigates the effects of maternal dietary fatty acid composition on fetal and postnatal growth in the rat. In addition, the morphology of the pancreas and glucose tolerance were studied in the adult offspring. Furthermore, effects on muscular hexosamine concentrations were assessed. We used diets with a fatty acid composition reflecting current dietary choices or recommendations: an enriched saturated fatty acid (SFA) diet based on coconut oil, and a diet rich in unsaturated fatty acids (UFA) based on menhaden fish oil, respectively. Contrary to other studies, these diets were given throughout pregnancy and weaning to cover the continued growth and development of the pancreas in the rat during the early postnatal period [24] .
Materials and methods
Study design. All animal experiments were approved by the Dutch Animal Ethics Committee and the principles of laboratory animal care were followed. We purchased nulliparous rats of the Cpb-WU strain at 9 weeks of age from Harlan Nederland (Horst, The Netherlands). The female rats were caged individually with free access to water. The room was maintained at a constant temperature (22°C) with a 12-h light to dark cycle. All rats were fed standard laboratory chow (RMH-GS) for two weeks to acclimatize. The rats were then randomly assigned to the experimental diets at 24 animals per group and fed for at least 2 weeks prior to mating and during pregnancy and weaning. All diets contained around 18% fat (w/w). The major oil sources in the diets were coconut oil in the SFA diet, menhaden fish oil in the UFA diet and soy oil in the control (CON) diet (Table 1 ). All diets were semi-synthetic, isocaloric and pelleted and were fed ad libitum to the rats. The diets were stored at -20°C in small portion bags to minimize oxidation.
Freshly thawed portions were offered to the rats daily. The peroxide level of the experimental diets was measured after 3 months of storage and after 24 h at room temperature.
Experimental oils were purchased from ICN Biochemicals, Cleveland, Ohio, USA. The diets were produced by TNO Nutrition, Zeist, the Netherlands, where all dietary analyses were carried out. Body weight and food intake were monitored at least weekly and food intake was measured by weighing the pellets in the feed containers. Per group eight animals were killed at pregnancy day 21 to study fetal development and fetal body weight and placental weight were measured at gestational day 21. In addition, the number of fetuses, corpora lutea and resorptions per dam were assessed. The remaining animals were allowed to litter. After parturition, litter size was culled to eight pups and the pups were weighed the day on which the litter was found; this day was defined as postnatal day 1. The average body weight of the pups per litter per sex was measured weekly. Survival rate was defined as the number of live pups at weaning divided by the number of live pups at birth. At weaning (age 3 weeks), rats were individually marked and housed according to sex. After weaning, the dams were killed and all offspring were fed the control diet. At the age of 12 weeks, an OGTT was carried out and the organs were processed for histopathology.
Oral glucose tolerance test. At age 12 weeks, offspring rats were fasted overnight, and glucose (2 g per kg body weight) was administered by oral gavage between 8.30 a.m. and 10 a.m.. Blood was collected in heparinized cups (Microvette CB300, Sarstedt, Germany) by the tail incision method at 10 min before and at 5, 10, 20, 30 and 50 min after glucose administration. Blood samples were centrifuged immediately and plasma was stored at -80°C. Glucose concentration was measured by a glucose oxidase system (Unimate 5 GLUC HK, Roche, Mannheim, Germany), insulin concentration was measured by a RAT insulin ELISA-kit (Mercodia, Uppsala, Sweden). Both analyses were done within 2 months after storage.
Histologic analysis of internal organs. For histological examination 5 µm paraplast sections of the pancreas, adrenals, heart, kidney, liver, pituitary, spleen and thymus were cut and stained with hematoxylin and eosin (HE). For morphometry of the pancreas the number and surface area of the Langerhans islets were measured in one randomly chosen complete longitudinal section per pancreas, using the analySIS soft imaging system (SIS, Münster, Germany). Each section covered at least 100 mm 2 and eight animals were analysed per diet group. The islets were arbitrarily divided into small and large islets (>0.03 mm 2 ).
UDP-hexosamine metabolites content in rat muscle.
Muscle tissue was obtained from the m.adductor magnus to measure UDP-hexosamine metabolites content. Tissues were homogenized with homogenization buffer in a dismembrator using liquid nitrogen. After centrifugation at 60 000 g for 15 min at 4°C, 1600 pmol of UDP-mannose and 25 pmol of UDP-xylose were added to the supernatant as internal standards. The samples were deproteinized and diluted with KH 2 PO 4 and applied to solid-phase extraction columns. After the columns were washed (with KH 2 PO 4 solutions differing in molarity and pH), the UDP-sugars were eluted with KH 2 PO 4 . UDP-sugars were separated and quantified by HPLC and ultraviolet detection (at 262 nm) [26] .
Statistical analysis. The data of each group was compared to the CON group data. Data is reported as means ± SEM unless stated otherwise. The data were analysed using a one-way analysis of variance (ANOVA) followed by a two-tailed Dunnett's test. A p value of less than 0.05 was considered to imply a statistically significant difference.
Results
Diet. The protein content of the diets was 15.4 to 15.8% and the fat content was around 18 g per 100 g diet (Table 1) . Carbohydrate and energy contents of the different diets were comparable and the fatty acid composition of the diets is given ( Table 2 ). The UFA diet was high in the n-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA), 11.7% and 13.1% of total fatty acids respectively. The SFA diet was high in the short-chain saturated fatty acids lauric acid (42.3%) and myristic acid (17.1%). The peroxide level of the diets after 3 months of storage at -20°C was 2.4 mmol O/kg for the CON diet, 6.6 mmol O/kg for the UFA group and 5.8 mmol O/kg for the SFA group.
Maternal growth and food intake. After the first week of the 2-week premating period, in which the animals became accustomed to the experimental diet, the body weight gain in the UFA group was lower than in the CON group (2.8±1.1 g vs 9.3±2.5 g) ( Table 3 ). This was also observed in the pregnancy period: animals of the UFA group gained 116.7±4.0 g in body weight whereas animals of the CON group had a body weight gain of 135.2±4.5 g. Daily food intake during pregnancy is given (Fig. 1) . Total food consumption during pregnancy was lower in the UFA group compared to the CON group (339.4 g vs 366.4 g; n=16, p<0.05). Throughout the lactation period, dams which were fed the UFA diet had a lower food intake compared to dams of the CON group (Fig. 2) .
Fetal and placental weight. Fetal body weights and placental weights of the experimental groups did not differ statistically from the CON group (Fig. 3A, B) . The offspring. The number of corpora lutea, resorptions and fetuses at gestational day 21 and the litter size at birth of the remaining dams is shown (Tables 4, 5 ). The UFA group had increased resorptions and tended to have less fetuses than the other groups at necropsy at gestation day 21. In addition, at birth, the litter size of this diet group was lower compared to the control group (7.8±2.7 vs 12.1±4.3 pups respectively). In the UFA and the SFA groups, the incidence of dead pups in the first 3 weeks of life was higher compared to the control group. These cases occurred in several litters within each group (5 and 3 litters respectively, Tables 4, 5 ). Male offspring of mothers in the UFA group had a lower body weight from birth until 12 weeks of age, compared to male pups of the CON group (Table 6 ). Male pups of mothers fed the SFA diet weighed less at 7 and 14 days of age and females showed similar weight patterns.
Oral glucose tolerance. The fasting insulin concentration tended to be slightly increased in the SFA group, but was not significantly different (Fig. 4) . After an oral glucose load, the insulin level rose to statistically higher concentrations in the SFA group compared to the CON group up to 10 min after the load (mean 760.2 pmol/l compared to 409.8 pmol/l in the CON group, Fig. 4 ). In addition, the peak response occurred earlier in the SFA group than in the CON group. No difference in the fasting glucose concentration could be found between the male offspring of different groups (Fig. 5) . The glucose concentration was lower at 30 min after the glucose load in the SFA group compared to the CON group (Fig. 5) .
Hexosamine pathway intermediates in rat muscle.
The results of measurements of metabolites of the hexosamine pathway are given (Table 7) . No significant dif- ferences were found in the experimental groups as compared to the CON group.
Histopathology. In the UFA group, the number of pancreatic islets was increased over that in the CON group, whereas the total volume estimate was unchanged. The sample size seemed too small for the apparently large islet number effect to become significant. In the SFA group, the number and volume estimates of the islets were not different from the CON group (Table 8) , but the number of large islets was decreased. The relative weight of the pancreas as well as of all the other organs examined were not different between the experimental groups and the CON group.
Discussion
This study confirms and extends data showing that maternal nutrition has permanent effects on postnatal growth and on pancreatic structure and function in rat offspring in adult age. Our data show that maternal dietary fatty acid balance does influence the development of the offspring. This becomes apparent firstly in the body weight development of the offspring. Whereas fetal weights at gestation day 21 do not show statistical differences between the groups, after birth both the SFA and UFA groups show reduced pup growth, resulting in permanently reduced body weights in the UFA group. The observed effects of dietary fatty acid balance are probably not due to nutritional deficiencies, as the diets contained the minimum essential fatty acid concentrations. The finding of smaller pups in the UFA group coincides with the lower food intake and weight gain of the mothers. During the last 3 days of gestation the fetal endocrine pancreas develops quickly and fetal insulin regulates fetal metabolism. We cannot exclude that reduced maternal food intake could have retarded this development. It is not clear whether the 7% reduction in food intake in pregnancy observed in the UFA group could have affected post- Gal, UDP-galactose; GalNAc, UDP-N-acetyl-galactosamine; Glc, UDP-glucose; GlcNAC, UDP-N-acetyl-glucosamine. Data are expressed as means ± SEM natal growth. This reduction is probably attributable to the 'fishy' taste of the feed. Caloric restriction studies have needed a far higher (30% or 50%) caloric reduction for clear effects to be observed [27] . Moreover, the SFA group showed normal food intake during pregnancy and lactation, but had a weight gain profile similar to the UFA group. The normal placental weights in the SFA and UFA groups is a further indication that nutrition in the former two groups was adequate.
The number of live pups per nest was decreased in the UFA group. The non-significant trends towards lower corpora lutea numbers and higher resorption numbers in these animals have certainly contributed to this finding. The decreased survival rates in all experimental groups was not expected on the basis of the observed pup weights at postnatal day 1. We found no clinical signs for possible causative factors such as deficient suckling, reduced maternal care or maternal stress followed by cannibalism of less thriving pups.
Morphometric examination of pancreatic tissue in the offspring at 12 weeks of age showed remarkable differences between the various diet groups. The tendency for decreased total islet volume and the decreased numbers of large islets in the SFA group is consistent with earlier studies with low protein diets [8, 28, 29, 30] . They showed that impaired islet development at weaning is not fully compensated by islet growth and neogenesis later in life. In contrast, the UFA group tended to have an increased total number of islets in the absence of a lower number of larger islets. This finding suggests that the number of small islets was larger in this group, indicating an increase in islet neogenesis. Thus, a diet enriched in saturated fatty acids seemed to inhibit islet development, whereas a diet enriched in unsaturated fatty acids had the opposite effect, promoting the development of pancreatic islets.
The anatomy of the adult pancreas depends on a complex sequence of prenatal and post-natal developmental processes [31, 32] . During weaning, the balance between beta-cell apoptosis and cellular proliferation determines the transformation of the fetal pancreas into its post-weaning state. Concomitantly, its responsivity to insulin greatly increases during weaning. After weaning, the plasticity and turnover of islets and of beta cells are diminished and this emphasizes the importance of adequate prenatal and early postnatal pancreatic development [33, 34] . Both low protein diet and caloric restriction studies in animals have been shown to influence pancreatic development [27] . In addition, the effects of fatty acid balance changes studied here are directly relevant to human dietary habits in western societies, where fast food is increasingly popular. The diets in our study contained 18% (w/w) fat, which was considered a workable compromise between the normal rat diet containing 5% (w/w) fat and the human with up to 35% of energy derived from fat. The Dutch nutrition surveys have actually shown remarkable changes in fatty acid intakes during the last decades [25] . It is tempting to suggest that the emerging global epidemic of obesity and diabetes could be partly explained by nutritionally caused suboptimal pancreatic development. The observed effects shown here of dietary fatty acid balance during pregnancy and weaning on offspring pancreatic anatomy support this hypothesis.
The functionality of the pancreatic beta-cell compartment, tested with an OGTT in the offspring at 12 weeks of age showed an increased insulin response in the SFA group. The increased number of islets in the UFA group did not result in an observed change in insulin response. These findings confirm that the insulin response cannot be related readily to pancreatic morphology [27, 35, 36] . Cellular insulin content as well as the magnitude of the cellular response to glucose could differ greatly among islets and among beta cells. In addition, the peripheral response to insulin plays an important role. We have not seen changes in muscular glucosamine patterns that would suggest differences in peripheral glucose utilization between groups at 12 weeks of age. However, differences could develop with ageing. On the other hand, hexosamine might not be a good indicator of insulin resistance on a high-fat diet, new findings indicate that muscle resistance is related to muscle lipid deposition and consequently high diacylglycerol content and PKC activation on such diets [37] . Our findings indicate that the nutritional fatty acid balance during development programs pancreatic responsivity, observable as early as at 12 weeks of age. Such studies could lead to nutritional recommendations for pregnant women which could contribute to the prevention of diabetes in their offspring.
